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LOW BULK DENSITY PROPPANT AND
METHODS FOR PRODUCING THE SAME

CROSS-REFERENCE TO RELATED
APPLICATIONS

This patent application 1s a non-provisional of U.S. Patent
Application No. 60/840,987, filed on Aug. 30, 2006 entitled
“Method for Producing Proppants that Provide Permeability
at Subterranean Pressures and Have a Low Bulk Density,”
which 1s incorporated by reference herein in 1ts entirety.

BACKGROUND

The present disclosure relates to methods and materials for
making a low bulk density proppant capable of providing
permeability at subterranean pressures.

Oi1l and natural gas are produced from wells having porous
and permeable subterranean formations. The porosity of the
formation permits the formation to store o1l and gas, and the
permeability of the formation permits the o1l or gas flud to
move through the formation. Permeability of the formation 1s
essential to permit o1l and gas to flow to a location where 1t can
be pumped from the well. Sometimes the permeability of the
formation holding the gas or o1l 1s insuificient for economic
recovery of o1l and gas. In other cases, during operation of the
well, the permeability of the formation drops to the extent that
turther recovery becomes uneconomical. In such cases, 1t 1s
necessary to fracture the formation and prop the fracture in an
open condition by means of a proppant material or propping
agent. Such fracturing 1s usually accomplished by hydraulic
pressure, and the proppant material or propping agent 1s a
particulate material, such as sand, glass beads or ceramic
particles (all of which can be referred to as “proppant™),
which are carried into the fracture by means of a fluid or gel
(both of which can be referred to as “Ifracture flmd”). As the
density of the proppant decreases, the fracture fluid used to
carry the proppant into the fracture can have lower viscosity,
which reduces the cost of the fracture tluid as well as reduces
what 1s referred to as “gel damage™. Gel damage 1s caused by
viscous Iracture fluid which remains in the formation and
blocks flow of gas or o1l to the well bore. Additionally, as the
density of the proppant decreases, it becomes easier and
cheaper to pump the proppant into the fracture, and the prop-
pant can get carried further into the fracture which will
increase the o1l or gas production for the well.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates a flow-chart diagram of a method for
making a low bulk density proppant capable of providing
permeability at subterranean pressures.

FIG. 2 1s an optical micrograph of a cross section of prop-
pant made with calcined kaolin and calcined diatomaceous
carth according to one embodiment described herein.

FIG. 3 1s a higher magnification optical micrograph of the
micrograph illustrated in FIG. 2.

FI1G. 4 1s an optical micrograph of a cross section of prop-
pant made with calcined kaolin and calcined diatomaceous
carth according to another embodiment described herein.

FIG. 5 1s a higher magnification optical micrograph of the
micrograph illustrated in FIG. 4.

FIG. 6 1s an optical micrograph of the crushed portion of a
proppant made from calcined kaolin according to a known
method.
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FIG. 7 1s an optical micrograph of the crushed portion of a
proppant made from calcined kaolin and calcined diatoma-

ceous earth according to one embodiment disclosed herein.

FIG. 8 1s an optical micrograph of the crushed portion of a
proppant made from calcined kaolin and burned kaolin
according to another embodiment disclosed herein.

FIG. 9 1s a plot of the closing pressure as a function of the
permeability for proppant tested in a short term conductivity
apparatus showing the increased permeability of proppant
made according to embodiments described herein.

DETAILED DESCRIPTION

The present disclosure relates to methods and materials for
making a low bulk density proppant capable of providing
permeability at subterranean pressures.

“Bulk density”, as used herein, 1s the mass or weight of
material per unit volume, including 1n the volume considered,
the void spaces between the particles.

“Low bulk density”, as used herein, means a bulk density
that 1s lower than the bulk density of conventional proppants
such as sand and ceramic proppants. In certain embodiments,
a low bulk density proppant means a proppant that has a bulk
density less than about 1.60 g/cc, less than about 1.50 g/cc,
less than about 1.40 g/cc, less than about 1.30 g/cc, less than
about 1.20 g/cc, less than 1.10 g/cc, or less than 1.00 g/cc. In
certain other embodiments, a low bulk density proppant
formed by a method described herein can have a bulk density
less than silica sand, or traditional lightweight ceramic prop-
pant made primarily from clay. Other embodiments provide a
proppant having a bulk density that 1s 13%, 20%, 25% or 30%
less than silica sand or traditional lightweight ceramic prop-
pant made primarily from clay. Silica sand has a bulk density
of about 1.55-1.65 g/cc and traditional lightweight ceramic
proppant made primarily from clay has a bulk density of
about 1.50-1.60 g/cc.

In certain embodiments, a low bulk density proppant 1s
made from kaolin clay and at least one of calcined diatoma-
ceous earth and burned kaolin clay. In some embodiments, a
low bulk density proppant 1s made from kaolin clay and
calcined diatomaceous earth. In other such embodiments, a
low bulk density proppant 1s made from kaolin clay and
burned kaolin clay. In still other such embodiments, a low
bulk density proppant 1s made from kaolin clay, calcined
diatomaceous earth and burned kaolin clay.

Other embodiments provide a coating that covers substan-
tially all of the surface porosity of the proppant to form a
coated proppant having an apparent specific gravity lower
than the apparent specific gravity of the proppant without a
coating.

The permeability of a proppant 1s an important character-
istic relating to the conductivity of fluids at various closure
stresses. A permeability test can be run on proppants to deter-
mine the decrease of fluid tlow rate through the proppant
sample as the vertical pressure (or closure stress) on the
proppant pack 1s increased. In the short term permeability test
(American Petroleum Institute Recommended Practices 61),
a measured amount of proppant, e.g. two pounds per sq. it., 1s
placed in a cell and a fluid (usually deionized water) 1s passed
through the proppant pack at various flow rates. As pressure
increases on the pack, it causes the proppant to crush, thereby
decreasing the tlow capacity that 1s being measured. The
permeability of proppant provides valuable information
about how the proppant will perform 1n a subterranean for-
mation. The proppant of this invention has a short term per-
meability greater than that of proppant having a bulk density
of less than 1.60 g/cc made from pellets consisting of water
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and calcined, partially calcined or uncalcined kaolin. In other
embodiments, the proppant has a short term permeability that
1s 10% to 50% greater than the short term permeability of the
proppant having a bulk density less than about 1.60 g/cc made
from pellets consisting of water and calcined, partially cal-
cined or uncalcined kaolin. In other certain embodiments the
proppant 1s a sintered substantially round and spherical par-
ticle having a bulk density less than about 1.60 g/cc and a 4
Kpsi short term permeability greater than 187 Darcies.

Clay refers to clay minerals that consist of a variety of
phyllosilicate minerals. Kaolinite, montmorillonite-smectite,
illite, and chlorite are several main groups of phyllosilicate
minerals. Kaolin clay 1s found in many parts of the world and
consists mostly of kaolinite (Al,S1,0.(OH),) with admix-
tures of quartz, feldspar, aluminum hydroxides, and iron
hydroxides. Kaolinite 1s a layered silicate made of alternating
sheets of octahedrally coordinated aluminum and tetrahe-
drally coordinated silicon that are bonded by hydroxyl
groups. Kaolinite has a low shrink-swell capacity and a low
cation exchange capacity (1-15 meg/100 g).

According to certain embodiments of the present invention
that include kaolin clay, the kaolin clay can be 1n uncalcined,
partially calcined, or calcined forms or mixtures of such
forms so long as the kaolin clay has less than 5 weight percent
of mullite. The term “uncalcined kaolin clay” 1s understood
by those of ordinary skill 1in the art to mean kaolin clay 1n its
natural, “as-mined”, condition. Uncalcined kaolin clay has
not been subjected to any type of treatment that would result
in a chemical or mineralogical change, and can also be
referred to as “raw” kaolin clay. Uncalcined kaolin clay 1s
typically comprised of a majority of kaolinite (Al,S1,0,
(OH),) and a minority of silica 1n amorphous and various
crystalline polymorph forms, and/or gibbsite and/or diaspore.
Uncalcined kaolin clay does not include any meta-kaolin
(AL,S1,0,) or mullite (3.A1,0,2.510,) or pure alumina (from
diaspore or gibbsite) because the application of heat1s needed
to convert kaolinite to meta-kaolin or mullite.

The terms “partially calcined kaolin clay™ and “calcined
kaolin clay” and are understood by those of ordinary skill in
the art to mean kaolin clay that has been subjected to a heat
treatment at times and temperatures above 550° C. to about
800° C., preferably from about 550° C. to about 600° C., to
remove some (partially calcined) or substantially all (cal-
cined) organic material and water of hydration from the clay
(or gibbsite or diaspore). Partially calcining or calcining
kaolin clay causes conversion of some (partially calcined) or
substantially all (calcined) of the kaolinite in the clay to
meta-kaolin, which 1s an amorphous pozzolan material.

As used herein, the term “burned kaolin clay” refers to
uncalcined kaolin clay, partially calcined kaolin clay, or cal-
cined kaolin clay that has been subjected to a heat treatment at
times and temperatures suificient to convert the kaolinite to
mullite and such that the burned kaolin clay includes at least
5 weight percent of mullite. Burned kaolin clay has enhanced
chemical bonding properties when mixed with other compo-
nents as compared to non-burned kaolin clay. Burned kaolin
clay undergoes a heat treatment that substantially removes
organic material and water of hydration, and causes crystal-
lographic changes 1n the kaolin, meta-kaolin, or silica
(quartz) present in the clay. The heat treatment includes heat-
ing the kaolin clay at least above 800° C., preferably from
about 900° C. to about 1100° C., to 1irreversibly convert some
of the meta-kaolin to mullite and to convert some of the silica
to cristobalite. Mullite and cristobalite are crystalline forms
of alumina and silica, respectively.

In certain embodiments of the present invention 1n which
the low bulk density proppant 1s made from kaolin clay and

10

15

20

25

30

35

40

45

50

55

60

65

4

burned kaolin clay, the burned kaolin clay comprises at least
about 10 weight percent mullite, while 1n other such embodi-
ments, the burned kaolin clay comprises at least about 50
weight percent mullite, at least about 65 weight percent mul-
lite, at least about 80 weight percent mullite, at least about 90
weight percent mullite, or at least about 95 weight percent
mullite. In other embodiments, the burned kaolin comprises
at least 65 weight percent of mullite and at least 15 weight
percent of cristobalite. In still other such embodiments, the
burned kaolin clay comprises about 65 weight percent mul-
lite, about 15 to about 25 weight percent cristobalite, and
about 10 to about 20 weight percent amorphous silica.

An embodiment of the present invention provides a method
for producing a low bulk density proppant that includes heat-
ing kaolin clay sufficient to produce burned kaolin clay com-
prising at least 5 weight percent of mullite, co-milling kaolin
clay and the burned kaolin clay to form a co-milled mixture,
forming substantially round and spherical green pellets from
the co-milled mixture and water, and sintering the pellets to
form a proppant having a bulk density of less than about 1.60
g/cc. The proppant has a short term permeability greater than
that of proppant having a bulk density of less than 1.60 g/cc
but made from pellets consisting of water and calcined, par-
tially calcined, or uncalcined forms of the kaolin clay. In other
embodiments, the burned kaolin clay comprises at least 50
weight percent of at least one of mullite and cristobalite. In
certain other embodiments, the burned kaolin clay comprises
at least 65 weight percent of mullite and at least 15 weight
percent of cristobalite.

According to certain embodiments of the present mven-
tion, a plurality of pellets are made from a mixture of kaolin
clay and burned kaolin clay. A proppant formed from the
pellets has a bulk density of less than 1.60 g/cc. In other
embodiments, the kaolin clay and burned kaolin clay mixture
includes about 70 to about 90 weight percent of kaolin clay
and about 10 to about 30 weight percent of burned kaolin clay.
In certain other embodiments, the kaolin clay and burned
kaolin clay mixture includes about 80 to about 85 weight
percent of kaolin clay and about 15 to about 20 weight percent
of burned kaolin clay. Still other embodiments provide that
the burned kaolin clay comprises at least 5 weight percent of
mullite. In yet another embodiment, the burned kaolin clay
comprises at least 50 weight percent of mullite. In certain
other embodiments, the burned kaolin clay comprises at least
65 weight percent of mullite and at least 15 weight percent of
cristobalite.

As used herein, the term “calcined diatomaceous earth”
refers to diatomaceous earth that has been subjected to a heat
treatment at times and temperatures suificient to remove sui-
ficient amounts of organic material and water of hydration
from the diatomaceous earth to reduce the loss on 1gnition of
the diatomaceous earth to less than about 4 weight percent.

According to an embodiment of the present invention, a
plurality of pellets are made from a mixture of kaolin clay and
calcined diatomaceous earth. The proppant made from the
pellets has a bulk density of less than about 1.60 g/cc. In some
embodiments, the kaolin clay and calcined diatomaceous
carth mixture includes from about 70 to about 92.5 weight
percent of kaolin clay and about 7.5 to about 30 weight
percent of calcined diatomaceous earth. In other embodi-
ments, the kaolin clay and calcined diatomaceous earth mix-
ture icludes from about 80 to about 90 weight percent of
kaolin clay and about 10 to about 20 weight percent of cal-
cined diatomaceous earth.

According to an embodiment of the present invention, a
proppant 1s provided that comprises a plurality of sintered,
spherical pellets, the pellets being prepared from a mixture of
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kaolin clay, calcined diatomaceous earth, and burned kaolin
clay. In other embodiments, the kaolin clay, calcined diato-
maceous earth, and burned kaolin clay mixture includes from
about 75 to about 90 weight percent of kaolin clay, about 5 to
about 10 weight percent of calcined diatomaceous earth, and
about 5 to about 15 weight percent of burned kaolin clay.

An embodiment of the present invention provides a method
for producing a low bulk density proppant that includes co-
milling kaolin clay and calcined diatomaceous earth to form
a co-milled mixture, forming substantially round and spheri-
cal green pellets from the co-milled mixture and water, and
sintering the pellets to form a proppant having a bulk density
of less than about 1.60 g/cc. The proppant formed has a short
term permeability greater than that of proppant having a bulk
density of less than about 1.60 g/cc but made from pellets
consisting of water and calcined, partially calcined or uncal-
cined forms of kaolin clay.

An embodiment of the present invention provides a method
for propping fractures in subterranean formations including
mixing a fluid and a proppant and introducing the mixture into
a fracture in a subterranean formation. The proppant com-
prises a plurality of sintered substantially round and spherical
particles made from kaolin clay and at least one of calcined
diatomaceous earth and burned kaolin clay, and having a bulk
density of less than about 1.60 g/cc and a 4 Kpsi1 short term
permeability greater than 187 Darcies. In certain embodi-
ments, the proppant 1s coated to form a coated proppant that
has an apparent specific gravity lower than the apparent spe-
cific gravity of the proppant without a coating.

An embodiment of the present invention provides a method
for forming a low bulk density proppant including forming
substantially round and spherical green pellets from raw
materials that include water, kaolin clay, and at least one of
calcined diatomaceous earth and burned kaolin clay and sin-
tering the pellets to form a proppant having a bulk density of
less than about 1.60 g/cc. The proppant has a short term
permeability greater than that of a proppant having a bulk
density of less than about 1.60 g/cc but made from pellets
consisting of water and calcined, partially calcined or uncal-
cined forms of kaolin clay.

In other certain embodiments of the present invention, the
method for forming a low bulk density proppant includes
coating the proppant with a material to create a coated prop-
pant having an apparent specific gravity lower than the appar-
ent specific gravity of the proppant without a coating.

In other embodiments of the present invention, the method
for forming a low bulk density proppant includes co-milling
the kaolin clay and at least one of calcined diatomaceous earth
and burned kaolin clay.

Referring now to FIG. 1, methods for making a low bulk
density proppant from kaolin clay and at least one of calcined
diatomaceous earth and burned kaolin clay are illustrated.

Operation 102 1s optional, but i1s included in certain
embodiments of the present invention. In operation 102, the
kaolin clay and at least one of the calcined diatomaceous earth
and burned kaolin clay are milled together to form a co-milled
mixture. As used herein, the kaolin clay and at least one of
calcined diatomaceous earth and burned kaolin clay are
deemed to be co-milled when they have been milled together
under conditions suificient to produce a co-milled mixture
where 99% of the particles in the blend have a size less than
50 microns, and 90% of the particles in the blend have a size
less than 10 microns. A variety of suitable methods and equip-
ment for co-milling are known to those of ordinary skill in the
art, Tor example, jet-milling and ball-milling are suitable.

In operation 104, substantially round and spherical green
pellets are formed from raw materials including kaolin clay
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and at least one of calcined diatomaceous earth and burned
kaolin clay. According to certain embodiments, substantially
round and spherical green pellets are formed via any suitable
mixing process known to those of ordinary skill in the art. In
some embodiments, substantially round and spherical green
pellets are formed by a process that 1s referred to as “dry”,
while in other embodiments, substantially round and spheri-
cal green pellets are formed by a process that 1s referred as
“wet”.

As an example of a suitable “dry” process, the kaolin clay
and at least one of the calcined diatomaceous earth and the
burned kaolin clay are co-milled to form a particulate mix-
ture, which 1s then mixed with water 1n a high intensity mixer.
Suitable commercially available intensive stirring or mixing
devices have a rotatable horizontal or inclined circular table
and a rotatable impacting impeller, such as described 1n U.S.
Pat. No. 3,690,622, to Brunner, the entire disclosure of which
1s incorporated herein by reference. Suflicient water 1s added
to the mixture to cause formation of substantially round and
spherical pellets. In general, the total quantity of water which
1s suilicient to cause substantially round and spherical pellets
to form 1s from about 15 to about 30 weight percent of the
particulate mixture. Those of ordinary skill in the art wall
understand how to determine a suitable amount of water to
add to the mixer so that substantially round and spherical
pellets are formed. In addition to the water and the particulate
mixture, a binder may be added to the initial mixture to
improve the formation of pellets and to increase the green
strength of the unsintered pellets. Suitable binders include but
are not limited to various resins or waxes, bentonite, corn
starch, polyvinyl alcohol or sodium silicate solution, or a
blend thereof. The amount of time to mix the water and the
particulate mixture to form substantially round and spherical
green pellets can be determined by visual observation of the
pellets being formed, but 1s typically from about 2 to about 15
minutes.

“Dry” processes similar to the above-described “dry™ pro-
cess that are suitable for use with the methods described

herein, and which are also known to those of ordinary skill in
the art, include those described 1n U.S. Pat. Nos. 4,427,068

4,879,181 4,895,284; and 7,036,591 the entire disclosures of
which are incorporated herein by reference.

An example of a suitable “wet” process 1s a fluid bed
process, 1n which the kaolin clay and at least one of the
calcined diatomaceous earth and the burned kaolin clay are
added to form a particulate mixture, and mixed 1n a blunger
(or similar device) with a sufficient amount of water to form
a slurry having a solids content 1n the range of from about 40
to about 60 weight percent. Those of ordinary skill 1n the art
will understand how to determine a suificient amount of water
to form a slurry having a solids content 1n the range of from
about 40 to about 60 weight percent. Those of ordinary skill
in the art also understand slurry manufacturing, and therefore
understand that the amount of water mixed with the particu-
late mixture 1n a “wet” process 1s greater than the amount of
water mixed with the particulate mixture 1n a “dry” process.
Generally, slurry processing requires a combination of water
and solids (raw materials) that behaves like a liquid, while dry
processing requires a combination of water and solids (raw
materials) that behaves like a solid. A binder may be added to
the mnitial mixture to improve the formation of pellets and to
increase the green strength of the unsintered pellets. Suitable
binders include but are not limited to polyvinyl acetate, poly-
vinyl alcohol (PVA), methylcellulose, dextrin and molasses.

The kaolin clay and at least one of the calcined diatoma-
ceous earth and the burned kaolin clay may be co-mailled prior
to mixing with water in the blunger, or co-milling may occur
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with the addition of the water 1n the blunger. In addition, one
or more of a dispersant, a pH-adjusting reagent, a defoamer,
and a binder can be added to the slurry 1n the blunger.

Dispersants and pH-adjusting reagents can be added to
adjust the viscosity of the slurry so as to achieve a target
viscosity. A target viscosity 1s that viscosity that can be pro-
cessed through a given type and/or size of the pressure nozzle
ol a subsequent fluidizer, without becoming clogged. Gener-
ally, the lower the viscosity of the slurry, the better it can be
processed through a given fluidizer. However, at some con-
centration of dispersant, the dispersant can cause the viscosity
ol the slurry to increase to a point that 1t cannot be satisfac-
torily processed through a given fluidizer. One of ordinary
skill 1n the art can determine the appropriate amount of dis-
persant and the target viscosity for given fluidizer types
through routine experimentation. If a pH-adjusting reagent 1s
used, then the amount of pH-adjusting reagent added to the
slurry should be that amount which gives the slurry apH 1n the
range of from about 8 to about 11. Selection of a suitable
dispersant or pH-adjusting reagent to achieve a target viscos-
ity and/or pH can be made by those of ordinary skill 1n the art
through routine experimentation.

A defoamer can be added to the slurry in the blunger to
reduce or prevent equipment problems caused by foaming of
the slurry. Those of ordinary skill in the art can 1dentify and
select a suitable type and amount of defoamer to use 1n the
processes described herein through routine experimentation.

A binder may be added to the slurry in the blunger, or
preferably, the slurry may be fed from the blunger to a sepa-
rate tank prior to the addition of the binder. If binder 1s added
to the slurry in the blunger, then 1t 1s preferable to reduce the
mixing speed of the blunger prior to addition of the binder so
as to reduce or prevent excessive foaming and/or viscosity
increases that may occur. Binder can be added to the slurry 1n
an amount of from about 0.25 to about 5.0 weight percent,
based onthe total dry weight of the kaolin clay and at least one
of calcined diatomaceous earth and the burned kaolin clay.
Suitable binders include but are not limited to polyvinyl
acetate, polyvinyl alcohol (PVA), methylcellulose, dextrin
and molasses. In certain embodiments, the binder 1s a PVA
binder having a molecular weight 1 a range of from about
20,000 to 100,000 Mn. “Mn” 1s a unit known to those of
ordinary skill 1n the art to indicate the number length average
for determining the molecular weight of a chained molecule.
Whether binder, 1f any, 1s added to the slurry in the blunger or,
as preferred, 1n a separate tank, the slurry 1s continually
stirred, after addition of the binder, for an amount of time
suificient to allow for the binder to become thoroughly mixed
throughout the slurry. In certain embodiments, the amount of
time the slurry 1s stirred 1s up to about 30 minutes or more
alter the binder has been added.

From the blunger, or 1f a binder 1s used, preferably a sepa-
rate tank, the slurry 1s fed to a heat exchanger, which heats the
slurry to a temperature 1n a range of from about 25° C. to
about 90° C. From the heat exchanger, the slurry 1s fed to a
pump system, which feeds the slurry, under pressure, to a
fluidizer. By virtue of the blunger, and/or the stirring occur-
ring in the tank, any particles in the slurry are reduced to a
target size of less than about 230 mesh so that the slurry can
be fed to the fluidizer without clogging of the fluidizer nozzles
or other equipment problems. In certain embodiments, the
target size of the particles 1s less than 3235 mesh, less than 270
mesh, less than 200 mesh or less than 170 mesh. The target
s1ze of the particles 1s influenced by the ability of the type
and/or size of the pressure nozzle 1n the subsequent fluidizer
to atomize the slurry without becoming clogged. In some
embodiments, the slurry may be fed through either or both of
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a grinding mill(s) and/or a screening system(s) to assist 1n
breaking down and/or removing any larger-sized material to a
s1ze suitable for feeding to the fluidizer.

Heat exchangers, pump systems and fluidizers, and their
methods of operation, are known to those of ordinary skill in
the art, and therefore need not be detailed herein. However, a
general description of a fluidizer suitable for use with the
methods described herein 1s provided for the convenience of
the layperson. The fluidizer has one or more atomizing
nozzles, and a particle bed comprised of “seeds”. The slurry 1s
sprayed, under pressure, through the atomizing nozzles, and
the slurry spray coats the seeds 1n the particle bed.

Hot air 1s introduced into the fluidizer, and passes through
the particle bed at a velocity 1n a range of from about 0.9 to
about 1.5 meters/second, and the depth of the particle bed 1s 1n
a range ol from about 2 to about 60 centimeters. The tem-
perature of the hot air when introduced to the fluidizer 1s 1n a
range of from about 250° C. to about 650° C. The temperature

of the hot air as it exits from the fluidizer 1s less than about
250° C., and preferably less than about 100° C. Substantially
round and spherical green pellets accumulate 1n the particle
bed, and are withdrawn through an outlet in response to the
level of product 1n the particle bed, so as to maintain a given
depth 1n the particle bed. The substantially round and spheri-
cal green pellets withdrawn from the particle bed can be
separated 1nto one or more fractions, for example, an oversize
fraction, a product fraction, and an undersize fraction. Under-
s1zed and oversized fractions can be recycled into the slurry,
and the substantially round and spherical green pellets com-
prising the product fraction can be subjected to sintering
operation 106, with or without drying. In certain embodi-
ments, the particles are dried prior to sintering operation 106
to a moisture content of less than about 18 weight percent,
less than about 15 weight percent, less than about 12 weight
percent, less than about 10 weight percent, less than about 5
weilght percent, or less than about 1 weight percent. It the
substantially round and spherical green pellets are dried prior
to sintering operation 106, then such drying may also com-
prise partially calcining or calcining the substantially round
and spherical green pellets.

“Wet” processes similar to the above-described “wet™ pro-
cess that are suitable for use with the methods described
herein, and which are also known to those of ordinary skill in
the art, include those described 1n U.S. Pat. Nos. 4,440,866
and 5,120,453, the entire disclosures of which are incorpo-
rated herein by reference.

Another example of a suitable “wet” process for forming
substantially round and spherical green pellets 1s a spray
drying process, in which the kaolin clay and at least one of the
calcined diatomaceous earth and the burned kaolin clay are
added to form a particulate mixture, and mixed 1n a blunger
(or similar device) with a sufficient amount of water to form
a slurry having a solids content 1n the range of from about 50
to about 75 weight percent. Those of ordinary skill 1n the art
will understand how to determine a suificient amount of water
to form a slurry having a solids content in the range of from
about 50 to about 75 weight percent. The kaolin clay and at
least one of the calcined diatomaceous earth and the burned
kaolin clay may be co-milled prior to mixing with water 1in the
blunger, or co-milling may occur with the addition of the
water 1n the blunger.

In addition, one or more of a dispersant, a defoamer, and a
binder can be added to the slurry 1n the blunger. A defoamer
can be added to the slurry 1n the blunger to reduce or prevent
equipment problems caused by foaming of the slurry. Those
of ordinary skill in the art can i1dentify and select a suitable
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type and amount of defoamer to use 1n the processes
described herein through routine experimentation.

Suitable dispersants include but are not limited to colloids,
polyelectrolytes, tetra sodium pyrophosphate, tetra potas-
sium pyrophosphate, polyphosphate, ammonium citrate, fer- 5
ric ammonium citrate, and sodium hexametaphosphate. In a
spray drying process, dispersant can be added to adjust the
viscosity of the slurry so as to achueve a target viscosity for the
spray drying equipment being used. In addition, 1n a spray
drying process, dispersant can affect the ability to form 10
“solid” substantially round and spherical pellets, and there-
fore the amount of dispersant, 11 any, to include 1n the slurry 1s
minimized, as will be discussed further herein. In certain
embodiments where the slurry comprises a dispersant, the
amount of dispersant 1s less than about 0.3 weight percent, 15
less than about 0.5 weight percent, or less than about 1.0
weight percent of the kaolin clay and at least one of the
calcined diatomaceous earth, and the burned kaolin clay.

Suitable binders include but are not limited to polyvinyl
alcohol, polyvinyl acetate, methylcellulose, dextrin and 20
molasses. Binder may be added to the slurry in the blunger, or
preferably, the slurry may be fed from the blunger to a sepa-
rate tank prior to the addition of the binder. If binder 1s added
to the slurry in the blunger, then 1t 1s preferable to reduce the
mixing speed of the blunger prior to addition of the binder so 25
as to reduce or prevent excessive foaming and/or viscosity
increases that may occur. In a spray drying process, the addi-
tion of a binder to the slurry can affect the ability to form
“solid” substantially round and spherical pellets, and there-
fore the amount of binder/dispersant, 1f any, to include 1n the 30
slurry 1s minimized, as will be discussed further herein. In
certain embodiments where the slurry comprises a binder, the
amount of binder 1s less than about 0.5 weight percent or less
than about 1.0 weight percent of the kaolin clay and at least
one of the calcined diatomaceous earth and the burned kaolin 35
clay.

Whether binder, 11 any, 1s added to the slurry in the blunger
or, as preferred, 1n a separate tank, the slurry 1s continually
stirred, after addition of the binder, for an amount of time
suificient to allow for the binder to become thoroughly mixed 40
throughout the slurry. In certain embodiments, the amount of
time the slurry i1s stirred 1s up to about 30 minutes or more
alter the binder has been added.

From the blunger, or 1f a binder 1s used, preferably a sepa-
rate tank, the slurry 1s fed to a spray drying apparatus com- 45
prising atomizing equipment and a drying chamber. Suitable
atomizing equipment mcludes but 1s not limited to a rotary
wheel atomizer, a pressure nozzle atomizer and a dual fluid
nozzle atomizer, all of which are known to those of ordinary
skill in the art. Generally, rotary wheel atomizers produce fine 50
particles, while pressure nozzles and dual fluid nozzles oper-
ated under pressure can produce comparatively larger par-
ticles.

The atomizing equipment sprays the slurry into the drying
chamber, where droplets of slurry meet hot air 1n a drying 55
chamber. The droplets and hot air move through the drying
chamber as a generally co-current flow, counter-current tlow,
or a combination thereof. For example, in a combination of
co-current and counter-current flow, slurry droplets are
sprayed from the atomizing equipment 1n an upward direction 60
into the drying chamber, while hot air 1s fed into the drying
chamber from a point above the point at which the slurry 1s
sprayed 1nto the drying chamber. Thus, the hot air flows 1n a
generally downward direction in the chamber with respect to
the slurry droplets. The upward flow of the slurry droplets and 65
the downward tlow of the hot air establish a counter-current
tlow. At some point, however, the droplets will exhaust their

10

upward trajectory, and begin to flow 1n a generally downward
direction in the chamber, thereby establishing a co-current
flow with the hot air. Alternatively, slurry droplets are sprayed
into the drying chamber 1n a generally downward direction,
and the hot air 1s fed into the drying chamber in a generally
downward direction as well, thereby establishing a co-current
flow. The cylindrical height of the drying chamber influences
the pellet size. For example, the height of drying chamber 1s
estimated to be 19.8 meters for making 30/50 proppant si1zed
pellets (approximately an average green pellet size of 765
microns). In the drying chamber, solid substantially round
and spherical green pellets form as moisture 1s evaporated
from the droplets. As used herein, a “solid” substantially
round and spherical pellet describes a pellet having an interior
void that 1s less than about 10% by volume of the particle. In
certain embodiments, solid substantially round and spherical
pellets could have an interior void that 1s less than about 5%
by volume of the pellet. Because the droplets generally do not
rotate as they are projected through the drying chamber, one
side of the droplet can be exposed to air from the inlet that 1s
hotter than the air to which the other side of the droplet 1s
exposed (referred to herein as the “hot side” and the “cool
side”, respectively). In such instances, evaporation 1s faster
on the hot side, and the film that forms on the surface of the
droplet thickens more rapidly on the hot side than on the cool
side. Liquid and solids in the droplet migrate to the hot side.
At this point, 1t would be expected that the cool side would be
drawn imnward, which would result 1n a hollow green particle
with a dimple, rather than the solid substantially round and
spherical green pellets described herein. However, according
to the methods described herein, the pellets are solid rather
than hollow because of one or more of the following factors:
solids content in the weight percents described herein,
solubles content (dispersant and/or binder) 1n the weight per-
cents described herein, and air inlet temperatures in the
ranges as described herein.

Regarding the solids content, slurries having solids con-
tents greater than about 50 weight percent are used to produce
solid substantially round and spherical particles as described
herein. In certain embodiments, the slurry has a solids content
in the range of from about 50 to about 75 weight percent,
while 1n other embodiments, the slurry has a solids content in
the range from about 50 to about 60 weight percent, or from
about 60 to about 70 weight percent.

Regarding the solubles content, binders increase slurry
viscosity, which can lead to the need to reduce the solids
content 1n order to maintain a slurry that can be atomized. A
lower solids content, however, can lead to a particle that 1s not
solid. As for dispersants, dispersants allow more rapid move-
ment of solids to the surface of the particle, which can also
lead to a particle that 1s not solid. Thus, the solubles content 1n
a slurry (amounts of additives such as binders and dispers-
ants) 1s balanced against the solids content of the slurry.
Preferably, the least amount of binder and/or dispersant, as
determined by the need to adjust viscosity of the slurry, 1s
used.

Regarding the air inlet temperatures, the temperature of the
air entering a drying chamber 1s controlled according to meth-
ods described herein. Thus, 1n certain embodiments, the air

inlet temperature 1s 1n a range from about 100° C. to about
400° C., or from about 100° C. to about 200° C., or from about

200° C. to about 300° C., or from about 300° C. to about 400°
C., or from about 400° C. to about 500° C. In other embodi-
ments, the air inlet temperature 1s in a range of from about
150° C. to about 200° C. or from about 200° C. to about 250°
C. Preferably, temperatures in the lower end of such ranges
are used 1n order to slow the rate of drying of the particles,
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which in turn contributes to the production of green ceramic
particles that can be sintered to produce solid ceramic par-
ticles that are substantially round and spherical.

Thus, 1n a spray drying process, solid substantially round
and spherical green pellets are discharged from the drying
chamber at least 1n part under the influence of gravity. The
solid substantially round and spherical green pellets can then
be subjected to sintering operation 106.

Referring again to FIG. 1, substantially round and spheri-
cal green pellets produced by either a “wet” or “dry” process
are sintered to their final form of low bulk density proppants
(operation 106). Sintering can be performed 1n a rotary kiln,
a box kiln, or other suitable device that can provide appropri-
ate sintering conditions. Sintering and equipment to perform
sintering are known to those of ordinary skill in the art.
Sintering 1s performed at temperatures and times suificient to
sinter the pellets to a low bulk density. In certain embodi-
ments, sintering 1s performed at a temperature in the range of
from about 1200° C. to about 1350° C. for a time 1n the range
of from about 20 to about 45 minutes at peak temperature.

The low bulk density proppant described herein can be
coated, which will result 1n a coated proppant with an appar-
ent specific gravity (ASG) lower than the ASG of a low bulk
density proppant made of the same material without a coating
(e.g. an uncoated proppant). According to certain embodi-
ments, substantially all of the surface porosity of the proppant
1s coated to form a coated proppant, wherein the coated prop-
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one of ordinary skill in the art without undue experimenta-
tion. For example, one may choose a slow heating rate, with
a long hold at peak temperature, or a steep heating rate or a
high peak temperature, with a shorter hold at such tempera-
ture. The calcined kaolin clay and burned kaolin clay were
obtained commercially from CE Minerals already calcined
and burned. A heat treatment suitable to form calcined kaolin
clay or burned kaolin clay as defined herein can be deter-
mined by a person of ordinary skill in the art without undue
experimentation.

The calcined diatomaceous earth reported 1 Table 1 1s
commercially available from EaglePicher Filtration & Min-
erals, Reno, Nev. under the tradename FW-60. FW-60 grade
calcined diatomaceous earth from EaglePicher 1s described
by the manufacturer as flux-calcined diatomaceous earth,
however calcined diatomaceous earth suitable for use 1n the
present embodiments can be calcined with or without flux.
For example, other grades of calcined diatomaceous earth
suitable for use 1n the present embodiments can be commer-
cially obtained from EaglePicher Filtration & Minerals under
the tradenames FW-14 (a flux-calcined diatomaceous earth)
and FP-2 (a calcined diatomaceous earth).

The calcined diatomaceous earth was obtained commer-
cially from EaglePicher already calcined. A heat treatment
suitable to form calcined diatomaceous earth as defined
herein can be determined by a person of ordinary skill in the

art without undue experimentation.

TABL.

L1

1

Chemical Analysis of Raw Materials (wt. %)

Calcined
Kaolin Clay
Calcined

Diatomaceous
Earth (DE)
Burned
Kaolin Clay

pant has an apparent specific gravity lower than the apparent
specific gravity of the proppant without a coating. The term
“apparent specific gravity”, (“ASG”") as used herein 1s a num-
ber without units, and 1s numerically equal to the weight in
grams per cubic centimeter of volume, excluding any and all
open porosity that 1s connected to the surface of the proppant
and used 1n determining the volume of the proppant pellet,
divided by the density of water (approximately 1 g/cc). Suit-
able coatings for the proppant include but are not limited to
polymeric resins and acrylics. A variety of conventional

methods and equipment for coating a proppant are known to
those of ordinary skill in the art, for example and not limita-
tion, by dipping, spray coating, chemical vapor deposition,
physical vapor deposition, or immersion coating.

The following examples are illustrative of the methods
discussed above.
Raw Materials Used for Examples 1-4

The chemical analysis and loss on 1gnition of raw materials
used to prepare low bulk density proppant as described in
Examples 1-4 are reported in weight percents in Table 1. The
calcined kaolin clay, and the burned kaolin clay reported 1n
Table 1 are commercially available from CE Minerals, Ander-
sonville, Ga. The calcined kaolin clay was heated at times and
temperatures suilicient to substantially remove organic mate-
rial and water of hydration. The times and temperatures
needed to calcine or burn kaolin clay can be determined by
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MgO ALO, SiO, CaO Na,0 K,0 TiO, Fe,0, Other LOI
0.07 45.60 51.21 0.05 007 017 1.86 096 001 2
0.28 437 8751 059 478 024 026 191 007 0.25
0.07 45.60 51.21 0.05 0.07 017 1.86 096 0.01 ~0

The weight percentages reported 1n Table 1 for each the
oxides of the calcined kaolin clay, the burned kaolin clay, and
the calcined diatomaceous earth were determined by induc-
tively coupled plasma (ICP), which 1s an analytical method
known to those of ordinary skill 1n the art. “Other” denotes
various oxides such as ZrO,, SrO, MnO, ZnO, BaO, or P,O..

After heat treatment, carbonates are burned oif from clay or
diatomaceous earth. When this change occurs there 1s a
change in the weight of the material that 1s referred to as loss
on 1gnition (“LOI”), which 1s a percentage of the dry weight
of the matenal. Calcined kaolin clays, burned kaolin clays,
and calcined diatomaceous earth having other than the chemi-
cal analysis reported in Table 1 are also suitable for preparing
low bulk density proppant as described herein, as long as such
calcined kaolin clays, burned kaolin clays, and calcined
diatomaceous earth are within the definitions of such terms as
provided herein.

EXAMPLE 1

Pellets Made from Dry Blended Calcined Kaolin &
DE Powder

Four batches of pellets were prepared in a “dry” process
using a kaolin clay, which 1n this Example 1 was the calcined
kaolin clay reported in Table 1, and the calcined diatoma-
ceous earth (DE) (also reported 1n Table 1).
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The kaolin clay and the calcined diatomaceous earth can be
commercially obtained in bulk or 1n powder form. If 1n bulk
form, the materials are preferably ground to a powder form,
for example, to a form having a mean particle size of from
about 2 to about 5 microns, and then dry-blended in a high
intensity mixer. In the present example, the kaolin clay and
the calcined diatomaceous earth were individually ground to
powder form, then added to an Firich mixer in aratio o 85:15
of kaolin clay to DE. The Eirich mixer has a circular table that
can be horizontal or inclined between 0 and 35 degrees from
horizontal, and can rotate at a speed of from about 10 to about
60 revolutions per minute (rpm). The mixer also has a rotat-
able impacting impeller that can rotate at a tip speed of from
about 5 to about 50 meters per second. The direction of
rotation of the table 1s opposite that of the impeller, which
causes material added to the mixer to flow over itself 1n
countercurrent manner. The central axis of the impacting
impeller 1s generally located within the mixer at a position off
center from the central axis of the rotatable table.

For this Example 1, the table of the Firich mixer was
rotated at from about 20 to about 40 rpm, at an incline of about
30 degrees from horizontal. The impacting impeller was 1ni-
tially rotated at about 25-35 meters per second (about 1014-
1420 rpm) while the kaolin clay and the calcined diatoma-
ceous earth were mixed. After the kaolin clay and the calcined
diatomaceous earth visually appeared to be thoroughly
mixed, the speed of the impacting impeller was increased, and
water was added to the mixer as described below.

Water was added to the mixer in an amount sufficient to
cause formation of substantially round and spherical pellets.
In this particular example, the water was fresh tap water,
which was added to the mixer in an amount suilicient to
provide a percentage, based on the weight of the kaolin clay
and the calcined diatomaceous earth in the mixer, from about
18 to about 22 weight percent, although this amount can vary.
In general, the quantity of water used 1n the present methods
1s that amount which 1s sufficient to cause substantially round
and spherical pellets to form upon mixing.

The rate of water addition to the mixer 1s not critical. The
intense mixing action disperses the water throughout the mix-
ture. During the addition of the first half of the amount of
water, the impacting impeller was rotated at about 16 meters
per second (about 568 rpm), and was thereatter rotated at a
higher tip speed of about 32 meters per second (about 1136
rpm). The mnitial rotation of the impeller 1s optional. IT
employed, the initial rotation 1s from about 5 to about 20
meters per second, followed by a higher tip speed 1n a range
of from about 25 to about 35 meters per second. Those of
ordinary skill in the art can determine whether to adjust the
rotation speed of the impeller and/or pan to values greater
than or less than those described 1n this Example 1 such that
substantially round and spherical pellets are formed.

The kaolin clay and the calcined diatomaceous were mixed
with the water for about 11 minutes, to achieve the formation
ol substantially round and spherical green pellets of a target
green pellet size. The amount of mixing time needed to form
such pellets varies depending upon a number of factors,
including but not limited to the amount of maternial 1n the
mixer, the speed of operation of the mixer, the amount of
water added to the mixer, and the target green pellet size. The
target sintered pellet size 1n this Example 1 was 20/40 mesh,
following the API standard of 90% of the material falling
between the 20 mesh screen and the 40 mesh screen. To
compensate for shrinkage that occurs during sintering, the
target green pellet size for Example 1 was about 1 to 2 U.S.
Mesh sizes larger than 20/40 mesh.
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The substantially round and spherical green pellets were
discharged from the mixer and dried. In the present example,
the green pellets were poured in a stainless steel pan and
placed overnight in a drying oven operating at 110° C., result-
ing 1 dried green pellets having a moisture content of less
than about 1 weight percent. The pellets are referred to as

“oreen’” alter removal from the dryer because they have not
been sintered to their final state.

The green pellets formed were placed in alumina boats,
which were loaded into a box kiln operating under the con-
ditions described 1n Table 2ZA. “HR” indicates the approxi-
mate heating rate of the kiln, 1n ° C. per hour. “Soak Temp™
indicates the approximate peak firing temperature of the kiln,
and the “Soak Time” indicates the residence time of the
pellets 1n the kiln at the Soak Temp.

TABLE 2A

Sintering Conditions for Drv Blended Calcined Kaolin & DE

1 2 3 4
HR (° C./hr) 960 960 960 960
Soak Temp (° C.) 1490 1460 1430 1400
Soak time (min) 30 30 30 30

Various properties of the sintered pellets prepared from

cach blend were evaluated. The results are reported 1n Table
2B. A result reported as “n/a” indicates that the property was
not determined.

TABLE 2B

Properties of Sintered Pellets from
Dry Blended Calcined Kaolin & DE

1 , 3 4
BD (g/cc) 1.24 1.24 1.23 1.17
ASG (unitless) 2.38 2.37 2.46 2.44
Whole Pellet SG (g/cc) 2.39 2.43 2.57 2.65
4 Kpsi Crush (%) R.8 5.2 6.3 7.3

The ASG values reported 1n Table 2B were determined by
the Archimedes method of liquid (water) displacement
according to API Recommended Practices RP60 for testing
proppants, which 1s a text known and available to those of
ordinary skill in the art.

The whole pellet specific gravity (SG) reported 1in Table 2B
indicates the density of the pellets, including closed porosity,
and was determined with a Micromeritics brand helium gas
pycnometer, operated according to the procedures of the
manufacturer.

The bulk density (BD) reported 1n Table 2B includes the
void spaces between the pellets as a part of the volume, and
was determined by ANSI Test Method B74.4-1992 (R 2002),
which 1s a text known and available to those of ordinary skall
in the art.

The crush of the sintered pellets 1s expressed as a weight
percent of fines (1.e., for a 20/40 matenal 1t would be material
that crushes to be finer than 40 mesh) at a stress of 4,000 psi.
The crush values reported 1n Table 2B were determined
according to API Recommended Practices RP60 for testing

proppants, which 1s a text known to those of ordinary skill in
the art.

While Table 2B shows that low bulk densities were
achieved in each of the four batches, the 4 k crush values were
higher than desired. Referring now to FIGS. 2 and 3, optical
micrographs were taken of a sample of pellets from Batch No.
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4 using a Zeiss Combizoom 400 Microscope System, which
1s a combination Stereomicroscope (10x-106x) and Com-
pound Microscope (40x-660x).

To obtain the micrographs of FIGS. 2 and 3, the sample of
pellets were mounted 1n epoxy, ground so that half of the
pellet thickness was ground away, and then polished to a 1
micron finish. The sample pellets were mounted 1n epoxy by
placing the pellets 1n the bottom of a 1.25" plastic mounting
cup. The cup was then filled with about 2" of epoxy and leit
to cure. Upon curing, the pellets mounted 1n an epoxy cylin-
der were removed from the plastic mounting cup and placed
into a sample holder on an automatic polisher (Buehler Beta
Grinder/Polisher with a Vector Power Head). The pellets were
then ground to approximately half way through the pellets
using 60 grit Silicon Carbide. The ground pellets were then
polished to a 1 micron finish using diamond polishing com-
pound. Polishing ceramics 1s a process known to those of
ordinary skill 1n the art. The micrograph illustrated 1in FIG. 2
was taken at 64x magnification, and the micrograph 1llus-
trated in FIG. 3 was taken at 200x magnification.

The micrographs revealed the presence of “macro-pores™

in the pellets. For ease of reference, exemplary macro-pores
are labeled as 10 and 12 in FIGS. 2 and 3. As illustrated 1n
FIGS. 2 and 3, macropore 10 has a diameter of about 40
microns, although other macro-pores in the pellets could be
larger or smaller than macropore 10. As used herein, the term
“macro-pore” describes internal voids 1n the sintered pellets
that have a diameter greater than about 5 microns.

It 1s known that ceramics fail at least in part based on their
largest sized flaw. Thus, the larger the flaw, the lower the
stress required to make the proppant pellet break. It was
theorized that the macro-pores were tlaws contributing to the
higher than desired crush values, and thus how to reduce or
climinate the size and/or presence of the macro-pores was
considered. A result of such consideration was the theory that
improving the degree of mixing between the kaolin clay and
the calcined diatomaceous earth prior to subjecting them to
the “dry” process for formation of green pellets would reduce
or eliminate the size and/or presence of the macro-pores.

EXAMPLE 2

Pellets Made trom Co-Milled Calcined Kaolin & DE
Powders

To test the theory that improved mixing of the kaolin clay
and the calcined diatomaceous earth would improve the crush
strength of the resulting pellets, three batches of pellets were
prepared from the kaolin clay (which was the calcined kaolin
clay reported in Table 1) and the calcined diatomaceous earth
(DE) (also reported in Table 1), where the kaolin clay and the
calcined diatomaceous earth, 1n powder form, were first dry-
blended 1n an Eirich mixer in a ratio o1 85:15 of kaolin clay to
DE until they visually appeared to be thoroughly mixed, as
described in Example 1. Once the kaolin clay and the calcined
diatomaceous earth visually appeared to be mixed, the dry-
blend was removed from the Eirich mixer and co-milled by
jet-milling 1n a Sturtevant Inc. 4" Open Manifold Micronizer
using a feed rate of about one pound per hour. Other suitable
equipment and methods for co-milling raw materials such as
the calcined kaolin clay and DE described herein are known
to those of ordinary skill in the art.

Substantially round and spherical green pellets were
tormed from the co-milled kaolin clay and the calcined diato-
maceous earth according to a “dry” process using an Eirich
mixer and the addition of water as described 1n Example 1
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above. Also as in Example 1, the target sintered pellet size was
20/40 mesh. Thus, the targeted green pellet size was about 1
to 2 mesh sizes larger.

The substantially round and spherical green pellets formed
were placed 1n alumina boats, which were loaded 1nto a box
kiln operating under the conditions described 1n Table 3A.

TABLE 3A

Sintering Conditions for Co-Milled Calcined Kaolin & DE

1 2 3
HR (° C./hr) 960 960 960
Soak Temp (° C.) 1280 1300 1320
Soak time (min) 30 30 30

Various properties of the sintered pellets prepared from
cach of the three batches were evaluated. The results are
reported 1n Table 3B. A result reported as “n/a” indicates that
the property was not determined. The 4 Kps1 & 6 Kpsi Short
Term Permeabilities of the sintered pellets were determined
according to APl Recommended Practices RP61 for testing
proppants, which 1s a text known to those of ordinary skill in
the art.

TABLE 3B

Properties of Sintered Pellets of Co-Milled Calcined Kaolin & DE

1 2 3
BD (g/cc) 1.10 1.15 1.14
ASG (unitless) 2.50 2.56 2.57
Whole Pellet SG (g/cc) 2.76 2.75 2.77
4 Kpsi Crush (%) 4.8 3.5 3.6
4 Kpsi ST Perm (Darcies) n/a 259 n/a
6 Kpsi ST Perm (Darcies) n/a 155 n/a

Table 3B shows that low bulk densities were achieved for
cach of the three batches. Table 3B also shows that the sin-
tered pellets prepared from co-milled materials have a higher
strength, as evidenced by the lower crush values, as compared
to the sintered pellets of Example 1.

Referring now to FIGS. 4 and 5, optical micrographs taken
of pellets from Batch No. 2 of this Example 2 were obtained
according to the procedures described for FIGS. 2 and 3 that
reveal that the macro-pores observed in Example 1 have been
climinated, thus proving the theory that co-milling the kaolin
clay and the calcined diatomaceous earth would reduce or
climinate the size and/or presence of macro-pores, and
thereby improve the crush strength of the final products. The
micrograph 1llustrated 1n FIG. 4 was taken at 64x magnifica-
tion, and the micrograph illustrated 1n FIG. § was taken at
200x magnification.

EXAMPLE 3

Control Pellets Made tfrom Co-Milled Calcined
Kaolin

Proppant having a higher crush strength generally provides
improved permeability when used i1n hydraulic fracturing
operations as compared to proppant having a lower crush
strength. Thus, it was theorized that proppant prepared from
kaolin clay and at least one of calcined diatomaceous earth
and burned kaolin clay as described herein would demon-
strate improved permeability over known proppant products,
of similar size and bulk density, made with kaolin clay, but
without an additive of at least one of calcined diatomaceous
carth and burned kaolin clay.
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A control proppant was prepared from the calcined kaolin
clay reported 1n Table 1. The calcined kaolin clay was first
dry-blended in an Eirich mixer, and then jet-milled as
described in Example 2, but neither calcined diatomaceous
earth nor burned kaolin clay was added. Substantially round >
and spherical green pellets were formed from the jet-milled
kaolin clay powder according to a process using a high inten-
sity mixer as described in Example 1 above.

The substantially round and spherical green pellets formed
were placed 1n alumina boats, which were loaded 1nto a box
kiln operating under the conditions described 1n Table 4A.

10

TABLE 4A
Sintering Conditions for Co-Milled Calcined Kaolin 15
1 2 3
HR (° C./hr) 960 960 960
Soak Temp (° C.) 1250 1265 1300
Soak time (min) 30 30 30 20

Various properties of the sintered pellets prepared from
cach blend were evaluated. The results are reported 1n Table
4B. A result reported as “n/a” indicates that the property was
not determined. 23

TABLE 4B

Properties of Sintered Pellets of Co-Milled Calcined Kaolin

1 2 3 S
BD (g/cc) 1.08 1.14 1.27
ASG (unitless) 2.49 2.58 2.67
Whole Pellet SG (g/cc) 2.87 2.85 2.86
4 Kpsi Crush (%o) 8.6 4.3 2.9
4 Kpsi ST Perm (Darcies) n/a 219 n/a 335
6 Kpsi ST Perm (Darcies) n/a 109 n/a

Table 4B shows that low bulk densities were achieved for
cach of the three batches of control proppant. In addition,
batches 2 and 3 achieved 4 Kpsi crush strengths comparable
to the batches of Example 2. However, the batches of
Example 2 that were tested for permeability (Example 2,
Batch No. 2) had unexpectedly higher 4 Kps1 and 6 Kps1 ST
permeabilities than the permeability measured 1n the control
proppant (Example 3, Batch No. 2) at the same pressures. A
comparison of the Short Term Permeabilities 1n Tables 3B and
4B shows that the proppant of Batch No. 2 of Example 2 has
an 18% higher permeability at 4 Kps1 and a 42% higher
permeability at 6 Kpsi than Batch No. 2 of the control prop-
pant of Example 3.

FIG. 6 1s an optical micrograph of crushed proppant from
Batch No. 2 (soak temp 1265° C.) of the control proppant
made 1n Example 3. The micrograph shown in FIG. 6 was
taken by first performing a crush test on the sample at 4,000
ps1, and then retaining the material which was screened to
minus 40 mesh. The micrograph of the retained material (1.¢.,
the minus 40 mesh material) was then obtained according to
the procedure described for FIGS. 2 and 3. The micrograph
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dure described for FIGS. 2 and 3. The micrograph illustrated
in FIG. 7 was taken at 25.6x magnification.

As evident 1n FIGS. 6 and 7, the control proppant fractured
into a large number of small pieces upon fracturing, while the
proppant made with kaolin clay and calcined DE fractured
into larger pieces. Larger pieces are less likely to migrate in a
propped well, and so would result in improved permeability
and therefore increased o1l or gas production.

It was theorized that the phenomenon of the proppant made
with kaolin clay and calcined diatomaceous earth fracturing
into larger pieces than the proppant made with just kaolin clay
was caused by increased kaolin matrix strength due to the
higher sintering temperature (soak temperature) required to
achieve the same bulk density in proppant made with 15%
calcined DE (Example 2) compared to proppant made from
100% kaolin clay (Example 3). Basically, to achieve equal
bulk densities, a higher soak temperature 1s required when
calcined DE 1s present than when 1t 1s not.

EXAMPLE 4

Pellets Made from Co-Milled Calcined & Burned
Kaolin Powders

For this Example 4, three batches of proppant were pre-
pared from a co-milled kaolin clay (the calcined kaolin clay
reported in Table 1) and burned kaolin clay (the burned kaolin
clay reported in Table 1).

The kaolin clay and the burned kaolin clay were individu-
ally ground to powder form, and then dry-blended 1n an Eirich
mixer in a ratio of 83:135 of kaolin clay to burned kaolin clay
until the powders visually appeared to be thoroughly mixed,
as described 1n Example 1. The dry-blended kaolin clay and
the burned kaolin clay were co-milled 1n a jet mill as
described 1n Example 2. Substantially round and spherical
green pellets were formed from the jet-milled kaolin clay and
the burned kaolin clay according to a process using a high
intensity mixer as described in Example 1 above.

The substantially round and spherical green pellets formed
were placed 1n alumina boats, which were loaded 1nto a box
kiln operating under the conditions described in Table 5A.

TABLE 5A

Sintering Conditions for Co-Milled Calcined & Burned Kaolin

1 2 3
HR (° C./hr) 960 960 960
Soak Temp (° C.) 1280 1290 1295
Soak time (min) 30 30 30

Various properties of the sintered pellets prepared from
cach blend were evaluated. The results are reported 1n Table
SB. A result reported as “n/a” indicates that the property was
not determined.

TABLE 5B

Properties of Sintered Pellets of
Co-Milled Calcined & Burned Kaolin

illustrated in FIG. 6 was taken at 25.6x magnification.

FIG. 7 1s an optical micrograph of crushed proppant from
Batch No. 2 (soak temp 1300° C.) of the proppant made from
co-milled kaolin clay and calcined diatomaceous earth in
Example 2. The micrograph shown in FIG. 7 was taken by
first performing a crush test on the sample at 4,000 psi1, and
then retaining the material which was screened to minus 40
mesh. The micrograph of the retained material (1.e., the minus
40 mesh material) was then obtained according to the proce-
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1 2 3
BD (g/cc) 1.12 1.13 1.16
ASG (unitless) 2.59 2.59 2.64
Whole Pellet SG (g/cc) 2.84 2.84 2.85
4 Kpsi Crush (%) 6.9 4.7 3.8
4 Kpsi ST Perm (Darcles) n/a n/a 242
6 Kpsi ST Perm (Darcies) n/a n/a 124
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Table 5B shows that low bulk densities were achieved for
cach of the three batches. Table 5B also shows that the sin-
tered pellets prepared from co-milled kaolin clay and burned
kaolin clay have 4 Kpsi crush strengths generally comparable
to the 4 Kpsi1 crush strengths of sintered pellets prepared from
co-milled kaolin clay and calcined diatomaceous earth (Ex-
ample 2).

FIG. 8 1s an optical micrograph of crushed proppant from
Batch No. 3 (soak temp 1295° C.) of this Example 4. The

micrograph shown in FIG. 8 was taken by first performing a
crush test on the sample at 4,000 psi, and then retaiming the
material which was screened to minus 40 mesh. The micro-
graph of the retained material (1.e., the minus 40 mesh mate-
rial) was then obtained according to the procedure described
for FIGS. 2 and 3. The micrograph illustrated in FIG. 8 was
taken at 25.6x magnification.

Comparing FI1G. 8 to FIG. 6, 1t 1s evident that the proppant
made with kaolin clay and burned kaolin clay fractured into
larger pieces than did the control proppant. The larger pieces
are less likely to migrate in a propped well, and so would
result in improved permeability and therefore increased oil or
gas production.

Comparison of Short Term Permeabilities of Examples 2-4,
and Sand

FIG. 9 shows the short term permeability as a function of
closing pressure for Batch No. 2 of Example 2, Batch No. 2 of
Example 3 and Batch No. 3 of Example 4. The short term
permeability for a sample of 20/40 mesh fracture sand
obtained from Badger Mining and having a bulk density of
1.57 g/cc 1s also 1llustrated 1n FIG. 9. The short term perme-
ability of the fracture sand was obtained as described above
with respect to Examples 2, 3 and 4.

FIG. 9 illustrates that proppant prepared from kaolin clay
and at least one of calcined diatomaceous earth and burned
kaolin clay has better short term permeability than an equiva-
lent low bulk density proppant made with the kaolin clay and
without at least one of calcined diatomaceous earth and
burned kaolin clay, and better short term permeability than
fracture sand of comparable size. It 1s particularly noted that
the proppant made with kaolin clay and at least one of cal-
cined diatomaceous earth and burned kaolin clay achieved
better short term permeabaility than the Badger fracture sand
and had a lower bulk density than the Badger fracture sand,
thus making proppant according the current embodiments
particularly useful. A proppant made with kaolin clay and at
least one of calcined diatomaceous earth and burned kaolin
clay has a short term permeability that 1s 25% greater than the
Badger fracture sand.

It will be obvious to those skilled 1n the art that the inven-
tion described herein can be essentially duplicated by making
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minor changes in the material content or the method of manu-
facture. To the extent that such material or methods are sub-
stantially equivalent, 1t 1s intended that they be encompassed
by the following claims.

The invention claimed 1s:

1. A method for forming a low bulk density proppant com-
prising:

co-milling raw materials to form substantially round and

spherical green pellets, wherein the raw materials com-
prise water, non-burned kaolin clay and burned kaolin
clay, wherein the non-burned kaolin clay consists essen-
tially of kaolin clay that does not include mullite and
wherein the burned kaolin clay comprises cristobalite
and at least 5 weight percent mullite; and

sintering the pellets to form a proppant having a bulk

density of less than about 1.60 g/cc;

wherein the proppant has a short term permeabaility greater

than that of a proppant having a bulk density of less than
about 1.60 g/cc made from pellets consisting of water
and non-burned kaolin clay.
2. The method of claim 1 wherein the short term perme-
ability of the proppant 1s 10% to 50% greater than the short
term permeability of a proppant having a bulk density less
than about 1.60 g/cc made from pellets consisting of water
and non-burned kaolin clay.
3. A method for producing a low bulk density proppant
comprising:
heating kaolin clay at a temperature above 800° C. sufli-
cient to produce a burned kaolin clay comprising cristo-
balite and at least 5 weight percent of mullite;

co-milling a non-burned kaolin clay and the burned kaolin
clay to form a co-milled mixture, wherein the non-
burned kaolin clay consists essentially of kaolin clay
that does not include mullite;

forming substantially round and spherical green pellets

from the co-milled mixture and water; and

sintering the pellets to form a proppant having a bulk

density of less than about 1.60 g/cc; wherein the prop-
pant has a short term permeability greater than that of
proppant having a bulk density of less than about 1.60
g/cc made from pellets consisting of water and non-
burned kaolin clay.

4. The method of claim 3 wherein the burned kaolin clay
comprises at least 50 weight percent of mullite.

5. The method of claim 3 wherein the burned kaolin clay
comprises at least 65 weight percent of mullite and at least 15
weilght percent of cristobalite.

6. The method of claim 1 wherein the raw materials further
comprise calcined diatomaceous earth.
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